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that this subcomplex is evolved from “protocoatomer,”
whose structure is used to curve intracellular mem-
branes. Surprisingly, the Nup107-160 complex is re-
cruited to kinetochores during mitosis (Loiodice et al.
[2004] and references therein), although its kinetochore
function remains a mystery. Since Nup96 acts as an
NPC-docking module of Rae1-Nup98 complex (Hodel
et al., 2002), it is tempting to speculate that the dy-
namic interaction between Nup98 and Nup96 may be
used during M phase to control microtubule assembly
and the spindle checkpoint.
Another important finding of Blower et al. (2005) is
that RNAs play a translation-independent role in spin-
dle assembly in M phase. The authors demonstrate that
RNase-treated extracts do not support spindle assem-
bly. The phenotypes caused by RNase treatment are
not due to its indirect effect on protein translation, be-
cause protein translation inhibitors do not block spindle
assembly in Xenopus egg extracts. Consistent with this
finding, the authors show that RNA is required for the
microtubule assembly activity of the Rae1-containing
complex. However, the functional role of RNA in micro-
tubule assembly remains speculative. As the authors
suggest, an interesting hypothesis is that RNA may act
as an efficient scaffold to assemble multiple factors re-
quired for spindle assembly. Since Blower et al. (2005)
introduce a method to create RNase-treated extracts
from which RNase is removed, it will be possible in the
future to address the questions of whether the Rae1
complex is the only RNP complex required for spindle
assembly and whether specific RNAs are involved in
this process.
Unlike most man-made tools, many biological com-
ponents do play multiple functions. We are far from un-
derstanding how this is possible. By learning the con-
nection between nuclear transport and the spindle
apparatus, we may be able to obtain some useful hints.
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C2 Can Do It, Too
In this issue of Cell, Benes et al. (2005) report that the
C2 domain of the serine/threonine protein kinase C
is a phosphotyrosine binding domain and present the
crystal structure of this C2 domain bound to a peptide
containing phosphotyrosine. Prior to this work, C2
domains were thought to bind only to phospholipids
or to unphosphorylated proteins, and the SH2 and
PTB domains were the only signaling domains known
to recognize phosphotyrosine. This new role for the
C2 domain links phosphotyrosine recognition directly
to serine/threonine kinase activity and reveals an un-
expected mechanism for crosstalk between distinct
signaling pathways.
Regulated protein-protein interactions form the basis
for cellular signal transduction, and these interactions
are the nodes of signaling networks that control cellular
morphology, development, and homeostasis. A widely
used molecular handle for ensuring specificity in these
signal transduction events is phosphate groups that are
attached to tyrosine, threonine, and serine residues in
signaling proteins. Although phosphorylation is a very
common posttranslational modification, only a handful
of signaling domains are known to recognize phosphor-
ylated proteins with sequence specificity (Yaffe, 2002).
The Src homology 2 (SH2) domain was the first sig-
naling module to be discovered with specificity for
phosphorylated residues (Sadowski et al., 1986). As far
as we know, SH2 domains are still the predominant re-
cognition domains for phosphotyrosine. The fold of the
SH2 domain comprises a seven-stranded β sheet core
flanked by two α helices, and the target peptide is
bound in an extended conformation (Figure 1A) (Waks-
man et al., 1992). The highly conserved phosphotyro-
sine binding site of the SH2 domain contains an invari-
ant arginine and a second positively charged residue
coordinating the phosphate moiety. Residues in the
target peptide that are located downstream of the pho-
sphotyrosine residue confer specificity to the interac-
tion. SH2 domains do appear to be highly specialized
for the recognition of phosphotyrosine residues, with
only one or two exceptions to this being noted to date.
Although the SH2 domain is famous for being first,
animal cells contain a second conserved phosphotyro-
sine binding module, which was discovered in the
adaptor protein SHC and insulin receptor substrate-1
(IRS-1) and is known as the phosphotyrosine binding
(PTB) domain (Kavanaugh and Williams, 1994). Unlike
the SH2 domain, PTB domains achieve sequence spec-
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159Figure 1. Structural Overview of Phosphotyrosine Binding Domains Bound to Target Peptides
(A) Structure of the v-Src SH2 domain (PDB code 1SHB).
(B) Structure of the SHC PTB domain (PDB code 1SHC).
(C) Structure of the PKCδ C2 domain bound to tyrosine-phosphorylated peptide (PDB code 1YRK).ificity by “reading out” residues located upstream of the
phosphotyrosine residue. Also unlike the chaste SH2
domain, which reserves its embrace for phosphotyro-
sine-containing peptides exclusively, the more promis-
cuous PTB domain family also includes members that
bind targets that lack phosphotyrosine residues altoge-
ther. Structurally, PTB domains are composed of a
seven-stranded β sandwich that is flanked by a car-
boxy-terminal helix (Figure 1B) (Zhou et al., 1995). A
similar protein fold is found in Enabled/vasodilator-
stimulated phosphoprotein-homology 1 (EVH1) domains,
which bind proline-rich sequences, and pleckstrin ho-
mology (PH) domains, which bind phospholipids, and
also in the more distantly related PDZ domains (see
Yaffe [2002] for a review). The target peptide is bound
in an L-shaped conformation, and the binding energy
appears to be more distributed than in the SH2-peptide
interaction, with several hydrophobic contacts. Resi-
dues involved in phosphotyrosine binding are not well
conserved within the PTB domain family, and the mode
of peptide recognition can vary considerably (Yaffe,
2002). Unlike SH2 domains, PTB modules appear for
some reason to be found exclusively in adaptor or scaf-
folding proteins and not in conjunction with catalytic
domains.
Other signaling modules that recognize proteins in a
phosphorylation-dependent manner are the forkhead-
associated (FHA) domain and the 14-3-3 proteins, both
of which bind to phosphothreonine and phosphoserine
residues (Yaffe and Elia, 2001). These domains are
structurally unrelated to each other and to the SH2 and
PTB domains, showing that nature has devised multiple
solutions to the problem of phosphoprotein recogni-
tion. As expected, FHA domains and 14-3-3 proteins
play important roles in signal transduction by serine/
threonine kinases, but, until now, there appeared to be
molecular segregation between phosphotyrosine bind-
ing domains and serine/threonine kinases.
Benes et al. (2005) now describe a third kind of phos-photyrosine recognition domain, which turns out to be
a particular example of a well-known signaling module
known as the C2 domain. The C2 domain was first dis-
covered in protein kinase C as a conserved module of
about 120 residues that binds phospholipids in a
calcium-dependent manner, resulting in the activation
of the adjacent kinase domain (Newton and Johnson,
1998). In other proteins, C2 domains mediate protein-
protein interactions, and they are clearly versatile re-
garding their functions and their ligands. In the case of
the novel protein kinase C PKCδ, protein targets of the
C2 domain had been described previously, but the mo-
lecular details of the interactions were poorly under-
stood. A first clue to the role of the phosphotyrosine in
the interaction arose from the observation that PKCδ
exists in complex with Src and that this association is
regulated by tyrosine phosphorylation. Closer examina-
tion showed that the interaction between PKCδ and Src
is mediated by a transmembrane protein, CDCP1,
which was found to bind to and be phosphorylated by
Src. Using a combination of biochemical and structural
approaches, Benes et al. (2005) now show that Src reg-
ulates PKCδ indirectly via CDCP1. Src binds and phos-
phorylates CDCP1, which introduces a docking site for
the C2 domain of PKCδ. The binding is sequence spe-
cific and dependent on phosphorylation of a critical ty-
rosine residue in CDCP1.
The structure of the PKCδ C2 domain bound to a sub-
strate peptide reveals a novel mode of phosphotyrosine
recognition, different from the ones observed in SH2
and PTB domains described above (Figure 1). Se-
quence specificity is achieved by residues located both
amino- and carboxy-terminal to the phosphorylated ty-
rosine (Figure 1C). It remains to be seen whether the
C2 domain in PKCδ (and PKCθ) is an exceptional in-
stance of a C2 domain recognizing phosphotyrosine or
whether this is a more widespread phenomenon, with
C2 domains being an important new scaffold for phos-
photyrosine recognition.
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160In today’s postgenomic era, protein modules are an-
notated and grouped into families based on their se-
quence conservation, allowing for the prediction of
function and binding partners based on perceived evo-
lutionary relationships. Although sequence compari-
sons are a rich source of information, exceptions to
functional conservation can be hidden at the sequence
level, as exemplified by the present example of phos-
photyrosine recognition by the C2 domain. Amusingly,
structural comparisons showed that an E. coli protein
known as BirA contains an SH2 domain and that the
SH2 domain of BirA binds biotin at the same site that
is used for phosphotyrosine binding in SH2 domains
(Russell and Barton, 1993). It might well be that the ven-
erable old SH2 domain still has a few tricks up its
sleeve, such as recognizing phosphothreonine or phos-
phoserine, as one study has suggested (Pendergast et
al., 1991). Watch this space.
Holger Sondermann1,2 and John Kuriyan1,2
1Howard Hughes Medical Institute
Departments of Molecular and Cell Biology
and of Chemistry
2Physical Biosciences Division
Lawrence Berkeley National Laboratory
University of California, Berkeley
Berkeley, California 94720
Selected Reading
Benes, C.H., Wu, N., Elia, A.E.H., Dharia, T., Cantley, L.C., and Sol-
toff, S.P. (2005). Cell 121, this issue, 271–280.
Kavanaugh, W.M., and Williams, L.T. (1994). Science 266, 1862–
1865.
Newton, A.C., and Johnson, J.E. (1998). Biochim. Biophys. Acta
1376, 155–172.
Pendergast, A.M., Muller, A.J., Havlik, M.H., Maru, Y., and Witte,
O.N. (1991). Cell 66, 161–171.
Russell, R.B., and Barton, G.J. (1993). Nature 364, 765.
Sadowski, I., Stone, J.C., and Pawson, T. (1986). Mol. Cell. Biol. 6,
4396–4408.
Waksman, G., Kominos, D., Robertson, S.C., Pant, N., Baltimore,
D., Birge, R.B., Cowburn, D., Hanafusa, H., Mayer, B.J., Overduin,
M., et al. (1992). Nature 358, 646–653.
Yaffe, M.B. (2002). Nat. Rev. Mol. Cell Biol. 3, 177–186.
Yaffe, M.B., and Elia, A.E. (2001). Curr. Opin. Cell Biol. 13, 131–138.
Zhou, M.M., Ravichandran, K.S., Olejniczak, E.F., Petros, A.M.,
Meadows, R.P., Sattler, M., Harlan, J.E., Wade, W.S., Burakoff, S.J.,
and Fesik, S.W. (1995). Nature 378, 584–592.
DOI 10.1016/j.cell.2005.04.001
